A dynamic two-dimensional mathematical model was developed to simulate the heat transfer in solid state fermentation of rice bran inoculated with Aspergillus niger. Two bioreactors of 47 mm diameter and 300 mm height were used. Forced aeration conditions were simulated and saturated air with 60 ml/g h flow at 30°C and a bed porosity equal to 0.3 were determined as being the optimum operating conditions for the used packed-bed bioreactor.
Introduction
In solid state fermentation (SSF) the moist water-insoluble solid substrate is fermented by microorganisms in the absence of free water. Although it has been used from ancient times to obtain fermented foods and cheese, the refinement and automation of the technique as well as its industrial exploitation have been confined mainly to the countries of the orient (Lonsane et al., 1985) . In spite of a world-wide resurgence of interest in solid state fermentation during the last decade, together with many economic and practical advantages over conventional submerged fermentation and an increase in the range of products which can be made by SSF, the commercial exploitation of SSF systems emerging from these recent efforts is almost nonexisting (Saucedo-Castañeda et al., 1992) .
Thermal characteristics of organic material and the low moisture content in SSF create especially difficult conditions for heat transfer. Although SSF is an alternative to the more conventional liquid fermentation, temperature control in large scale solid fermenters is a difficult problem. The heat generated must be dissipated since microbial growth is very sensitive to a rise in temperature, affecting spore germination, growth, product formation, and sporulation (Saucedo-Castañeda et al., 1990) . Heat generation is directly related to the metabolic activities of the microorganisms, particularly respiration during growth, which is related to oxygen consumption and CO 2 formation. The conceptual basis of the model focuses on the growth characteristics of Aspergillus niger, a microorganism which has been extensively studied in SSF.
The aim of this work is to present a mathematical model to study the heat transfer process within a column bioreactor for SSF of rice bran and to simulate the main effects observed when some operating conditions of aeration and bed are varied.
Material and methods

Microorganism
Aspergillus niger NRRL 3122 was grown on rice bran. The subculturing was realized on potato-dextrose agar containing 1% bacteriological agar and incubated at 30°C for 7 days until complete sporulation. The spores were then suspended in sterile water containing 0.2% Tween 80. The spore concentration was estimated by direct microscopy counting using a Neubauer Cell.
Medium composition
The substrate used was the deffated rice bran (150 g) with addition of urea (4.80 g), CaCO 3 (0.75 g), K 2 SO 4 (6.00 g), (NH 4 ) 2 HPO 4 (10.5 g) and rice straw (22.50 g) as medium support. The medium was adjusted to 50% moisture and pH ϭ 5.0 by the addition of HCl 0.4 M. The starch gelatinization and mixture sterilization were made at 121°C for 15 min. The substrate was inoculated with 4ϫ10 6 spores/g of medium.
Equipment Figure 1 shows the experimental device used in solid state fermentation of rice bran by Aspergillus niger. The temperature gradients in the fermenting mass were measured using a type J (Copper-Constantine) thermocouple with a precision of 0.1°C. Temperature was measured at four positions along the radius at 0, 8, 16 and 23.5 mm and at five positions along the axis at 50, 100, 150, 200 and 300 mm.
Analysis
Samples were collected from the top of bioreactor from 12 to 12 h during fermentation for the determination of moisture, glucoamylase activity, reducing sugars and total reducing sugars. Glucoamylase activity was expressed in terms of International Unit -IU (Pandey et al., 1996) . One International Unit was defined as the amount of enzyme required to produce 1 (mol of glucose/min in the presence of 4% (w/v) soluble starch solution, at 60°C and pH ϭ 4.2.
Model development
Kinetic model Three equations are involved for the solid culture: the rate of microbial growth (R X ), the rate of sugar consumption (R S ) proportional to the growth and maintenance energy (mX) and finally, the rate of CO 2 formation (R CO2 ), taken as a fraction of total sugar consumption (SaucedoCastañeda et al., 1990) :
The temperature dependence of growth can be described by the maximum specific growth constant ( max ) and by the maximum biomass concentration (X max ) (SaucedoCastañeda et al., 1990) :
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Heat transfer model The general thermal energy balance is defined by equation (6):
For the model development some simplifications were considered as follows: cylindrical geometry, axial air flow, non-isothermal process, symmetrical system, permanent flow regime, non-adiabatic system, isotropic medium (K r ϭ K z ϭ K) and pseudohomogeneous phase.
In this way, equation (7) was obtained for the porous bed of SSF based on the simplifications made above:
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